Introduction {#Sec1}
============

Pluripotency is defined as the ability of a stem cell to generate all three embryonic lineages. In the mouse, culture conditions have allowed capture of different pluripotency states *in vitro*, which leads to distinguish a naive from a primed state of pluripotency^[@CR1]^. These two states functionally differ in their ability to produce chimaeras. Naive embryonic stem cells (ESCs) integrate into the inner cell mass (ICM) upon injection into a blastocyst and subsequently contribute to all tissues of the chimaera. In contrast, primed epiblast stem cells (EpiSCs) cannot integrate into the ICM^[@CR2],[@CR3]^; however, they form chimaeras with the post-implantation epiblast^[@CR4]^. ESCs are classically maintained in serum-containing medium supplemented with LIF that activates the STAT3 signalling pathway but can also be cultured in serum-free medium with only inhibitors of two differentiation pathways: MAPK/ERK (mitogen-activated protein kinases/extracellular signal-regulated kinases) and GSK3 (glycogen synthase kinase 3) pathways^[@CR5]^. In this 2i medium, cells are now in a ground naive state, with more efficient repression of lineage commitment markers and more homogenous expression of pluripotency genes than those cultured in serum/LIF^[@CR6],[@CR7]^. EpiSCs are maintained using FGF and Activin A signalling pathways. Their transcriptome reflects their primed nature, as they already express many lineage commitment markers with concomitant down-regulation of some pluripotency genes^[@CR2],[@CR8]^. ESCs cultured in serum/LIF (serum-ESCs) display an intermediate transcriptome, with heterogeneous levels of pluripotency markers at the single cell level and low but detectable expression of differentiation genes^[@CR6],[@CR9]^.

ESCs are considered to have more open and plastic chromatin than differentiated cells^[@CR10],[@CR11]^ with reduced nucleosome density^[@CR12]^. Moreover, the epigenomic profiles of ESCs grown in 2i- or serum-containing medium is distinct but interconvertible upon exchange of culture medium^[@CR6],[@CR13],[@CR14]^. Specifically, 2i-ESCs exhibit significantly reduced H3K27me3 deposition at promoters and global DNA hypomethylation^[@CR6],[@CR14]^. ESCs can be converted into EpiSCs (cEpiSCs) *in vitro* when exposed to FGF and Activin signalling^[@CR15]^. Although few in-depth analyses have been reported, available data indicate that during conversion to the primed state, many promoters become hypermethylated with substantial rearrangement of enhancer chromatin patterns compared to ESCs^[@CR16],[@CR17]^. On the other hand, reverting EpiSCs into naive cells is a long and inefficient process, eliciting the notion of epigenetic barrier to reprogramming^[@CR18]^.

These studies all suggest that each pluripotent cell type is characterized by a specific chromatin organization and epigenome. However, these comparisons have yet to be performed with regard to the constitutive heterochromatin compartment. This compartment forms at telomeres and pericentromeric regions, which are mainly composed of tandem repeats (reviewed in^[@CR19]^), and proper control of these regions is crucial for chromosomal stability^[@CR20]^.

In addition to telomeric sequences, there are two types of tandem repeats in the mouse genome: major satellite repeats at pericentromeric heterochromatin (PCH) and minor satellite repeats at centromeres^[@CR21]^. The major satellite repeats consist of 234bp AT-rich sequences repeated over 200,000 times in tandem that represent approximately 3% of the mouse genome. During interphase in somatic cells, PCH from different chromosomes aggregates in clusters termed chromocenters that are typically enriched in the repressive SUV39H1/2-mediated histone mark H3K9me3^[@CR22]^. DNA methylation is another hallmark of constitutive heterochromatin that coexists with H3K9me3 in substantial quantities^[@CR20]^. Methylation of cytosine nucleotides (5-meC) is accomplished by DNA methyltransferases DNMT3A/B and maintained throughout cell divisions by DNMT1^[@CR23],[@CR24]^. Despite this repressive epigenetic state, satellite transcripts can be transcribed and indeed participate in stabilization of the PCH structure^[@CR25],[@CR26]^. However, increased transcript accumulation typically occurs in response to stress and some cancers, usually coincident with reduced DNA methylation at these sequences (reviewed in^[@CR27]^). In serum-ESCs, although major satellites are also enriched in H3K9me3 and 5-meC^[@CR22],[@CR23]^, transcription occurs at higher levels than in differentiated cells, such as neural progenitors^[@CR28]^. PCH in serum-ESCs shows some plasticity, as demonstrated in mutants that lacks either H3K9me3 (*Suv39h* dn knockout) or DNA methylation (*Dnmt* knockout), where these missing marks are replaced by the typical facultative heterochromatin mark H3K27me3^[@CR22],[@CR29],[@CR30]^.

As mentioned above, when ESCs are switched from serum-containing to 2i-containing medium, H3K27me3 is redistributed, reducing global DNA methylation across the genome^[@CR14]^, suggesting that PCH organization may also be impacted. In addition, it is not known if organization of PCH and its transcription status are conserved in the primed EpiSCs. To address these questions, we performed a comparative study of the epigenetic and transcriptional landscapes of PCH sequences in naive and primed states of pluripotency. We show that PCH in naive 2i-ESCs exhibits unusual epigenetic marks, with a strong enrichment in H3K27me3, at the expense of both H3K9me3 and DNA methylation. In contrast, PCH in primed EpiSCs is characterized by somatic-like features, with dense deposition of H3K9me3 and 5-meC and repressed transcription of major satellite repeats. We also show that silencing of major satellites is largely independent of the presence of DNA methylation and H3K9me3 in ground naive ESCs whereas both marks are required in EpiSCs.

Results {#Sec2}
=======

Epigenetic landscapes at the pericentromeric heterochromatin in different pluripotent cells {#Sec3}
-------------------------------------------------------------------------------------------

We first examined the distribution of H3K9me3, the hallmark of heterochromatin, at PCH/CH regions in ESCs in serum and 2i conditions and in EpiSCs by immunofluorescence. As H3K27me3 can substitute for H3K9me3 at PCH^[@CR22],[@CR29],[@CR30]^, we analysed both histone marks in the same cells (Fig. [1A](#Fig1){ref-type="fig"}). DAPI, which binds strongly to A-T rich regions, was used to label DNA and to distinguish the chromocenters that form dense clusters in interphase nuclei.Figure 1Heterochromatin landscape in the different states of mouse pluripotency (**A**) Single plan images of the 3 cell types immunolabeled with antibodies against H3K9 tri-methylation (H3k9me3) and H3K27 tri-methylation (H3K27me3). DNA is counterstained with DAPI. Scale bars represent 5µm. Encircled nuclei correspond to each of the 4 categories sketched in B. (**B**) Schematic drawings of the 4 categories of nuclei observed within the 2i-ESC population and their proportion in the 3 cell types. The number of cells analysed is indicated in the first column. (**C**) Boxplots showing the number of H3K9me3 and H3K27me3 clusters in positive nuclei. Pvalues were calculated using Student t-test; n.s. = not significant. (**D**) Western-blot analysis of H3K27me3 and H3K9me3 with H3 total as loading control in the 3 cell types. (**E**) ChIP-qPCR analysis of H3K9me3 and H3K27me3 at major satellites and beta-Actin promoter (to measure background level). Stars indicate statistically significant data and error bars are s.e.m (n = 4, Mann-Whitney U test, P value ≤ 5%).

Strikingly, some nuclei exhibited dense H3K27me3 signal in chromocenters, specifically in 2i-ESCs. In addition, we observed great heterogeneity in labelling patterns for both types of ESCs (serum and 2i). To compare the different cell types, we defined four nuclei categories (schematic drawings in Fig. [1B](#Fig1){ref-type="fig"}): category 1: nuclei with a majority (and at least 4) of chromocenters labelled with H3K27me3; category 2: nuclei with a majority (and at least 4) of chromocenters labelled with H3K9me3; category 3: nuclei with a majority (and at least 4) of chromocenters labelled with both repressive marks (closed to each other or overlapping) and category 4: nuclei with few labelled chromocenters or chromocenters without any repressive histone marks. Representative nuclei for each category are shown in Supplementary Fig. [1A](#MOESM1){ref-type="media"}. We then assessed the percentage of nuclei in each category for the three cell types (Fig. [1B](#Fig1){ref-type="fig"}) and quantified the number of DAPI, H3K27me3 and H3K9me3 clusters *per* nucleus (category 1--3) for each cell type (Fig. [1C](#Fig1){ref-type="fig"}, Table in Supplementary Fig. [1](#MOESM1){ref-type="media"}).

Distribution of the four categories was statistically different between the two types of ESCs (Chi-squared test, p = 10--4). Only 2i-ESCs fell into the category 1 (18.5%) and the mean number of H3K27me3 clusters in all H3K27me3 positive cells (sum of categories 1 and 3) was higher in 2i- than in serum-ESCs (n = 8 vs n = 4; Fig. [1C](#Fig1){ref-type="fig"}). The percentage nuclei in category 2 was higher in serum- than in 2i-ESCs (55% vs 29%) as well as the mean number of H3K9me3-enriched chromocenters (n = 14 in serum-ESCs vs n = 7 in 2i-ESCs; Fig. [1C](#Fig1){ref-type="fig"}). Category 3 was equally represented in both types of ESCs (18--18.5%; Fig. [1B](#Fig1){ref-type="fig"}). Clusters lacking repressive marks were observed in 26% and 33% of ESCs in serum- and 2i-medium, respectively (category 4, Fig. [1B](#Fig1){ref-type="fig"}).

In primed EpiSCs, no such heterogeneity was observed since all nuclei showed only H3K9me3 clusters perfectly co-localizing with chromocenters (100% category 2, Fig. [1B](#Fig1){ref-type="fig"} and Supplementary Fig. [1A](#MOESM1){ref-type="media"}), along with faint and diffuse staining for H3K27me3. The mean number of H3K9me3 clusters also significantly increased in EpiSCs compared to serum-ESCs (Fig. [1C](#Fig1){ref-type="fig"}). This contrasting pattern between EpiSCs and ESCs prompted us to quantify global levels of both histone modifications by western-blotting (Fig. [1D](#Fig1){ref-type="fig"}). We thereby confirmed a substantial loss of H3K27me3 in EpiSCs compared to both ESCs and a steady level of H3K9me3.

Finally, to confirm the enrichment of either H3K9me3 or H3K27me3 in PCH, we used ChIP-qPCR assays (Fig. [1E](#Fig1){ref-type="fig"}). We confirmed a significant enrichment of H3K27me3 in 2i-ESCs compared to serum-ESCs and EpiSCs at major satellite sequences. Conversely, H3K9me3 tended to be more enriched in EpiSCs at major satellites, although these results did not reach statistical significance.

As the SUV39H enzymes catalyse the methylation of H3K9 at PCH^[@CR31],[@CR32]^ and EZH1/2, part of the PRC2 complex, deposits H3K27me2/3^[@CR33]^, we next examined the protein levels of these enzymes in the three pluripotent cell types (Fig. [2](#Fig2){ref-type="fig"}). SUV39H1 levels correlated well with increased levels of H3K9me3 at PCH in primed compared to naive pluripotent cells (Fig. [2A](#Fig2){ref-type="fig"}). Of note, immunostaining revealed diffuse distribution in 2i-fed ESCs, while 31% of the serum-exposed ESCs and the vast majority (93%) of EpiSCs exhibited SUV39H1 accumulation in DAPI-dense clusters (Fig. [2B](#Fig2){ref-type="fig"}). On the other hand, protein levels of EZH2 also varied within the different cell types, but in the opposing pattern: EZH2 was reduced in EpiSCs relative to ESCs whereas the highest levels were detected in serum-ESCs (Fig. [2C](#Fig2){ref-type="fig"}). However, the distribution of EZH2 immunostaining was quite similar regardless of cell type, as we observed the same punctuated nuclear signal with occasional bright, tiny spots (Fig. [2D](#Fig2){ref-type="fig"}). EZH1 expression was low with no obvious change between ESCs and EpiSCs (Fig. [2C](#Fig2){ref-type="fig"}).Figure 2Expression and pattern of epigenetic modifiers (**A**) Western-blots for SUV39H1 and H3. (**B**) Single plan images of the 3 cell types immunolabelled with antibody against SUV39H1 (scale bars represent 5 µm). A representative enlarged nuclei (white squares, lower panel, DNA in red and SUV39H1 in green) and the percentage of cells in the population displaying DAPI clusters enriched with SUV39H1 (white arrows) are indicated for each cell type. (**C**) Western-blots for PRC2 enzymes, EZH2 and EZH1, and H3 or Actin. (**D**) Single plan images of the 3 cell types immunolabelled with antibody against EZH2 (scale bars represent 5 µm).

Altogether, our data suggest that H3K27me3 distribution at PCH discriminates the naive ground state from other pluripotent cells. This distinct pattern is lost upon acquisition of the primed state, replaced by a uniform enrichment of H3K9me3 at chromocenters.

Low levels of DNA methylation at PCH in 2i-ESCs correlate with low levels of DNMT3A/B enzymes {#Sec4}
---------------------------------------------------------------------------------------------

To further dissect the status of PCH in each subset of pluripotent cells, we examined DNA methylation levels at major satellite sequences by Southern-blotting after genomic digestion with methylation-sensitive enzymes. We observed dramatic differences at these sequences between the different pluripotent states (Fig. [3A](#Fig3){ref-type="fig"}). Major satellites were partially demethylated in 2i-ESCs, as shown by the line scan profile (red line), which is between fully demethylated *Dnmt*TKO cells (purple line) and methylated somatic cells (MEFs - black line) (Fig. [3A](#Fig3){ref-type="fig"}). In contrast, levels of DNA methylation at these sequences in both serum-ESCs (blue line) and EpiSCs (green line) were comparable to those found in MEFs.Figure 3Methylation profile at major satellites. (**A**) Southern-blot analysis of gDNA digested with *HpyCH4IV* revealed with probe for major satellites. Linescan quantification for each lane: MEF (black), *Dnmt*TKO (pink), 2i-ESC (red), serum-ESC (blue) and EpiSC (green). (**B**) Western-blots for DNMT3A, DNMT3B and H3.

We next compared expression levels of *de novo* DNA methylation enzymes by western-blotting among the different pluripotent states (Fig. [3B](#Fig3){ref-type="fig"}). *Dnmt3a* produces two different isoforms, the lower form being predominant in embryonic tissues, while the upper form is present in somatic cells^[@CR34]^. DNMT3A was nearly undetectable in 2i-ESCs, serum-ESCs gained the embryonic form, and both isoforms were detected in EpiSCs (Fig. [3B](#Fig3){ref-type="fig"}). DNMT3B protein levels exhibited incremental increases 2i- to serum-ESCs and finally EpiSCs (Fig. [3B](#Fig3){ref-type="fig"}).

In conclusion, we observed progressive methylation of satellite sequences, accompanied by an increased expression of the *de novo* methyltransferases in 2i-supplemented ESCs compared to EpiSCs.

PCH transcription levels are highly variable depending on the state of pluripotency {#Sec5}
-----------------------------------------------------------------------------------

Next, we evaluated transcript levels of major sequences by RT-qPCR in ESCs and EpiSCs (Fig. [4A](#Fig4){ref-type="fig"}). Surprisingly, major satellite transcripts were present at lower levels in 2i-ESCs than in serum-ESCs. In primed EpiSCs, expression was even lower than in 2i-ESCs. To confirm this observation, we performed RNA-FISH using probes against major satellites (Fig. [4B](#Fig4){ref-type="fig"}). Discrete foci within the nucleus revealed accumulation of transcripts in ESCs. They were found next to small chromocenters, or within the pre-nuclear or peri-nucleolar heterochromatin (see examples in Supplementary fig. [2](#MOESM1){ref-type="media"}). As expected, serum-ESCs exhibited a high proportion of positive cells (85%) with prominent accumulation of major satellite transcripts (1--6 foci *per* cell; Fig. [4C](#Fig4){ref-type="fig"}). In contrast, few foci were found in 2i-ESC nuclei (\~1 foci in 31% of the cells) and almost none were observed in EpiSC (7% of the cells).Figure 4Transcription of major satellites (**A**) Relative expression (CNRQ) of major satellite transcripts by qRT-PCR analysis normalized to *Sdha* and *Pbgd* housekeeping genes. Each point is an independent biological replicate. Statistically significant data are indicated by an asterisk (P \< 5%, Mann-Whitney U test). (**B**) Detection of major satellite transcripts using RNA-FISH. Transcripts localization appears as green foci while DNA is counterstained with DAPI (red). Percentage of positive nuclei is indicated for each cell type as well as an enlarged representative nucleus (indicated in the cell field by a green arrowhead). Scale bars represent 5 µm. (**C**) Boxplots showing the number of foci/ positive nucleus. Mean is indicated by a cross. Statistically significant data are indicated by an asterisk (P \< 0.3%, Student test).

In conclusion, we observed considerable changes in the transcription of satellite sequences based on the state of pluripotency (ESCs vs EpiSCs) and the culture medium of ESCs (2i vs serum). The abundancy of satellite transcripts in serum-ESCs compared to 2i-ESCs or EpiSCs suggests that such abundance is not linked to the state of pluripotency but to the presence of yet unknown transcription factors induced by serum components.

In light of this data, we decided to focus on the two extreme states of pluripotency, the ground naive 2i-ESCs and the primed EpiSCs, both cultured in serum-free medium but maintained by induction of different signalling pathways and exhibiting different features at PCH. Using these two models, we investigated the control exerted by epigenetic marks on levels of satellite transcripts.

Reduced levels of H3K27me3 do not significantly affect levels of major satellite sequence transcripts {#Sec6}
-----------------------------------------------------------------------------------------------------

We first investigated the role of H3K27me3 in the regulation of PCH transcriptional status. To that end, we used an inhibitor of the methyl-transferase activity of EZH2, EPZ-6438 (EPZ)^[@CR35],[@CR36]^. Treatment of ESCs with EPZ for 72 hours led to a massive reduction in bulk levels of H3K27me3 (at least 70% in each cell type tested), with no change in H3K9me3 levels (Fig. [5A](#Fig5){ref-type="fig"}). Additionally, we observed that EZH2 levels were increased in EPZ treated cells (Fig. [5A](#Fig5){ref-type="fig"}). Inhibition of EZH2 enzymatic activity may lead to reduced turnover of this protein and hence its accumulation. Loss of H3K27me3 clusters in 2i-exposed ESCs treated with EPZ was also confirmed by immunostaining (Fig. [5B](#Fig5){ref-type="fig"}). In addition, the proportion of cells with H3K9me3 clusters at chromocenters in DMSO or EPZ treated cells was not significantly affected (40% vs 51%; Fig. [5B](#Fig5){ref-type="fig"}) and the mean number of clusters *per* nucleus remained unchanged (n = 5 vs 7; Fig. [5C](#Fig5){ref-type="fig"}). Finally, the level of DNA methylation at major satellite repeats was also unaffected in response to EPZ treatment (Data not shown). Hence upon EPZ treatment, only the enrichment of H3K27me3 at PCH was affected. We then assessed the levels of major satellite transcripts in this context in 2i-ESCs and observed a slight but significant reduction in PCH transcripts levels (Fig. [5D](#Fig5){ref-type="fig"}).Figure 5Inhibition of H3K27me3 in 2i-ESCs. (**A**) Western-blot analysis of EZH2, H3K9me3 and H3K27me3 related to total H3 in 2i-ESC treated with DMSO (Control) or EPZ (EZH2 inhibition). (**B**) Immunostaining images (single-plan) for H3K9me3 and H3K27me3 with DAPI DNA counterstaining in 2i-ESC treated with DMSO or EPZ. Percentages of cells presenting H3K9me3 clusters are indicated. Scale bars represent 5 µm. (**C**) Boxplots showing the number of H3K9me3 clusters in 2i-ESC treated with DMSO or EPZ. p-values were calculated using Student t-test; n.s. = not significant. (**D**) Relative expression (CNRQ) of major satellites transcripts by qRT-PCR analysis normalized to *Sdha* and *Pbgd* housekeeping genes in 2i-ESC treated with DMSO or EPZ. Each point is an independent biological replicate. Statistically significant data are indicated by an asterisk (P \< 5%, Mann-Whitney U test for paired data).

Consequently, reduction of H3K27me3 at PCH in naive ESCs does not induce up-regulation of major satellite transcripts.

The absence of *Suv39h1/2* derepresses satellite transcription in primed pluripotent cells {#Sec7}
------------------------------------------------------------------------------------------

We next examined the role of H3K9me3 on the regulation of satellite transcript levels using *Suv39h*dn mutant ESCs, in which both Suv39h enzymes are knocked-out^[@CR22]^. We adapted these ESCs to 2i culture conditions and converted them *in vitro* into EpiSCs (cEpiSCs, Supplementary Fig. [3A](#MOESM1){ref-type="media"}). These cEpiSCs expressed the expected markers of primed pluripotency (Supplementary Fig. [3B](#MOESM1){ref-type="media"}) and could be stably propagated. These cells were immunostained for H3K9me3 and H3K27me3. Of note, corresponding wild-type cells (WT01 ESC line) displayed a higher proportion of nuclei enriched in H3K27me3 clusters and proportionally fewer nuclei with H3K9me3 clusters, compared to the R1 ESC line used above (Supplementary Fig. [2E](#MOESM1){ref-type="media"} compared to Fig. [1B](#Fig1){ref-type="fig"}).

In *Suv39h*dn 2i-ESCs, H3K9me3 levels were globally reduced (western-blot, Supplementary Fig. [2C](#MOESM1){ref-type="media"}), more specifically at major satellites, as expected (ChIP-qPCR, Supplementary Fig. [3F](#MOESM1){ref-type="media"}). Surprisingly, 80% of mutant cell nuclei exhibited between 1 to 5 small H3K9me3 spots (mean = 2; Fig. [6D](#Fig6){ref-type="fig"}). We speculate that other histone methyltransferase (KMT) enzymes, such as SETDB1, may have deposited these small H3K9me3 spots. Previous data have indeed shown a reduction of H3K9me3, not only at euchromatin but also at PCH in the absence of SETDB1^[@CR37],[@CR38]^. Among these spots, no more than two were localized close to chromocenters and always next to a larger H3K27me3 cluster. Hence, such nuclei were not counted as category 3. The majority (80%) of *Suv39h*dn 2i-ESCs were in category 1, the others being in category 4 (Fig. [6A,B](#Fig6){ref-type="fig"}). The number of H3K27me3 clusters *per* nucleus and its enrichment at major satellites were similar between WT and *Suv39h*dn ESCs in 2i culture conditions (Fig. [6D,F](#Fig6){ref-type="fig"}). In addition, the same low level of DNA methylation was observed at major satellites (Fig. [6C](#Fig6){ref-type="fig"}). We then compared the abundance of major satellite transcripts by RT-qPCR and found it unchanged in mutant compared to wild-type ESCs (Fig. [6D](#Fig6){ref-type="fig"}).Figure 6Organization at PCH and major satellite transcript level in *Suv39hdn* cells. (**A**) Immunostaining images (single-plan) for H3K9me3 and H3K27me3 with DAPI DNA counterstaining in *Suv39h*dn condition, to compare with wild-type condition (Supplementary Fig. [2D](#MOESM1){ref-type="media"}). Encircled nuclei are representative examples of category 1 and 4. Scale bars represent 5µm. (**B**) Representative nuclei of the two categories as defined in Fig. [1B](#Fig1){ref-type="fig"} and percentages of each in the *suv39hdn* 2i-ESC and cEpiSC populations. (**C**) Southern-blot analysis of gDNA digested with *HpyCH4IV* revealed with probe for major satellites in wild-type and *Suv39h*dn conditions. Linescan quantification for 2i-ESC (red) and EpiSC (blue and green). Wild-type condition is represented with a continuous line, while *Suv39h*dn with a dotted line. (**D**) Box-plots showing the number of clusters of H3K9me3 or H3K27me3 in positive cells in WT and mutant ESC and cEpiSC. Pvalues (student tests) are shown. (**E**) Relative expression (CNRQ) of major satellites transcripts by qRT-PCR analysis normalized to *Sdha* and *Pbgd* housekeeping genes in wild-type and *Suv39h*dn condition. Each point is an independent biological replicate. Statistically significant data are indicated by an asterisk (P \< 5%, Mann-Whitney U test).

*Suv39h*dn cEpiSCs also displayed few small H3K9me3 spots (Fig. [6D](#Fig6){ref-type="fig"}), but in contrast to ESCs, they gained only a few H3K27me3 clusters and only in a minority of nuclei (9%; Fig. [6A,B,D](#Fig6){ref-type="fig"}). Thus, H3K27me3 was lost at major satellite sequences during conversion, as confirmed by ChIP-qPCR data (Supplementary Fig. [3F](#MOESM1){ref-type="media"}). In addition, DNA methylation was re-established at PCH in cEpiSCs and major satellites were similarly methylated in converted WT and mutant cells (Fig. [6C](#Fig6){ref-type="fig"}). Intriguingly, transcription of major satellites was de-repressed in *Suv39h*dn cEpiSCs, and transcript levels increased approximately ten-fold compared to WT cEpiSCs (Fig. [6E](#Fig6){ref-type="fig"}). Therefore H3K9me3 enrichment at PCH in primed EpiSCs prevents the accumulation of major satellites.

The absence of DNA methylation increases deposition of H3K27me3 in ESCs and causes substantial accumulation of satellite transcripts in EpiSCs {#Sec8}
----------------------------------------------------------------------------------------------------------------------------------------------

Finally, we addressed the role of DNA methylation in the repression of PCH transcription. *Dnmt1*, *3a*, and *3b* triple knockout ESCs (*Dnmt*TKO) and their corresponding wild-type (WT) ESCs were adapted to 2i medium. These cells have no methylated cytosine in their genome^[@CR39]^ and notably at PCH (see Fig. [3A](#Fig3){ref-type="fig"}). We also converted these cells into cEpiSCs (Supplementary Fig. [4A](#MOESM1){ref-type="media"}). *Dnmt*TKO and WT cEpiSCs expressed the expected markers of primed pluripotency with down regulated naive markers (Supplementary Fig. [4B](#MOESM1){ref-type="media"}). We were unable to maintain the converted mutant cells over numerous division cycles, in agreement with the reported impaired differentiation potential of these cells^[@CR40]^.

In 2i-ESCs, the complete absence of DNA methylation is correlated with an increased proportion of cells with only H3K27me3 clusters (75% in 2i-ESCs *Dnmt*TKO vs 40% in corresponding WT; see Fig. [7B](#Fig7){ref-type="fig"} and Supplementary Fig. [4C](#MOESM1){ref-type="media"}). A slight increase in the mean number of clusters per nucleus was also observed (n = 12 in WT vs n = 14 in mutant ESCs; Fig. [7C](#Fig7){ref-type="fig"}). In addition, no cell with only H3K9me3 clusters (category 2) was observed in *Dnmt*TKO 2i-ESCs (Fig. [7B](#Fig7){ref-type="fig"}), and the mean number of clusters per nucleus was reduced (n = 6 in WT vs n = 3 in mutant ESCs; Fig. [7C](#Fig7){ref-type="fig"}).Figure 7Organization at PCH and major satellite transcript level in *Dnmt*TKO cells. (**A**) Immunostaining images (single-plan) for H3K9me3 and H3K27me3 with DAPI DNA counterstaining in *Dnmt*TKO condition. Encircled nuclei are representative examples of categories 1, 2 and 3. Scale bars represent 5µm. (**B**) Representative nuclei of the categories as defined in Fig. [1B](#Fig1){ref-type="fig"} and percentages of each in the 2i-ESC and cEpiSC populations. (**C**) Box-plots showing the number of clusters of H3K27me3 in positive cells in WT and mutant ESC and cEpiSC. Pvalues (student tests) are shown. (**D**) Relative expression (CNRQ) of major satellites transcripts by qRT-PCR analysis normalized to *Sdha* and *Pbgd* housekeeping genes in Wild-type and *Dnmt*TKO condition.

In *Dnmt*TKO cEpiSCs, most H3K27me3 clusters disappeared, and all cells displayed H3K9me3 clusters (Fig. [7A,B](#Fig7){ref-type="fig"}). These clusters were even more numerous than in WT cEpiSC cells (n = 19 vs n = 12; Fig. [7C](#Fig7){ref-type="fig"}). A few nuclei displayed some small and faint H3K27me3 clusters (n = 2, Fig. [7C](#Fig7){ref-type="fig"}), but none of these colocalized with DAPI (Fig. [7B](#Fig7){ref-type="fig"}).

Interestingly, similar to the results obtained with *Suv39h*dn cells, the levels of major satellite transcripts were almost unchanged in mutant ESCs but dramatically increased in *Dnmt*TKO cEpiSCs compared to WT cells (Fig. [7C](#Fig7){ref-type="fig"}). This increase was more pronounced than in *Suv39h*dn primed cells, suggesting that the repressive effect of DNA methylation on transcription at PCH is stronger than that of H3K9me3.

Discussion {#Sec9}
==========

Pluripotency is not a static state *in vivo* but rather a continuous process beginning in the ICM of the blastocyst and ending at the beginning of somitogenesis^[@CR41]^. In the mouse, the different types of pluripotent cell lines that can be derived from embryos reflect this progression: 2i-ESCs, serum-ESCs and EpiSCs, the former being the closest to the ICM and the latter, the closest to the late epiblast. The PCH epigenetic state plays an important role in the maintenance of genome stability. Moreover, although satellite transcripts play a role in the formation of PCH^[@CR42],[@CR43]^, their level must be tightly controlled^[@CR44]^.

Herein, we performed a comprehensive comparison of the PCH epigenetic state in different pluripotent cells and showed that the regulation of transcription at PCH is substantially modified in response to the state of pluripotency: ground naive (2i) ESCs are characterized by strong enrichment of H3K27me3 at PCH and low levels of PCH satellite transcripts. In contrast, conversion to primed EpiSCs leads to considerable loss of this mark, prominent accumulation of DNA methylation and H3K9me3, as well as lower levels of PCH transcripts. Our second novel finding concerns repression of PCH transcription by DNA methylation and H3K9me3 only in primed EpiSCs, which we further demonstrate is independent of any classical repressive marks (H3K27me3, H3K9me3 and DNA methylation) in ground naive 2i- ESCs.

For all ESC cell lines used in our study, we observed H3K27me3 enrichment, which correlates with general demethylation at the DNA level^[@CR14]^. Enrichment of H3K27me3 at PCH upon reduction of 5-meC has previously been observed in both *Suv39h*dn and in *Dnmt*TKO serum-ESCs^[@CR21],[@CR22],[@CR29],[@CR32]^. Elsewhere in the genome, DNA methylation also antagonizes the deposition of H3K27me3. Indeed, in *Dnmt*TKO or 5-aza treated ESCs, H3K27me3 is redistributed to demethylated CpG sites at the expense of PRC2 canonical target sites^[@CR29],[@CR45]^. Conversely, DNA methylation cannot substitute for H3K27me3, since the patterns of DNA methylation at promoters in PRC2 mutant ESCs are relatively unchanged^[@CR45]^. Additionally, we did not observe evidence for an increase of 5meC at major satellites in 2i-ESCs treated with the EZH2 inhibitor. Upon switching ESCs from serum into 2i medium, considerable loss of H3K27me3 at gene promoters was observed^[@CR6]^. Therefore, whereas this mark is reduced at unique sequences, we now show that it is redistributed to PCH in 2i-ESCs, making these cells an interesting model of the cross-talk between PRC regulation of transcription and PCH epigenetic state^[@CR20]^.

Furthermore, we compared the level of major satellite transcripts in all three pluripotency states and found that transcription is high in serum-containing ESCs, reduced after transition to 2i medium, and even more repressed in the primed EpiSC state. The difference in transcript levels between serum- and 2i-ESCs cannot be explained by the epigenetic marks, as H3K9me3 is similarly globally enriched at PCH, and DNA methylation is reduced in 2i-ESCs compared to serum. In addition, our study now shows that none of the three repressive marks we examined exerts a direct repression on major satellite transcription in 2i-ESCs. Transcription of major satellite repeats is regulated during the cell cycle, with the greatest induction occurring during late G1 phase^[@CR25]^. However, a recent study shows that upon adaptation of ESCs to 2i medium, G1 phase is prolonged, particularly the late G1 phase^[@CR46]^. Despite this, such cell cycle differences do not correlate well with differences in major satellite transcripts. Hence, our data raise the question of the nature of the regulators (activators and repressors) of satellite transcription in ESCs. Indeed, satellite repeat sequences contain consensus binding sites for different transcription factors, among them Pax3 and Pax9^[@CR47]^. However, these two repressive factors are not expressed in ESCs or EpiSCs (data not shown). Transcription in serum-ESCs may be regulated by unknown factors induced by serum components and not found in the chemically defined medium used in the 2i condition. On the other hand, the inhibitors of MAPK and GSK3 pathways may themselves repress satellite transcription, but this hypothesis remains to be tested. We also observed that satellite transcription repression is slightly reduced upon treatment with the EZH2 inhibitor EPZ. Such treatment was shown to prime ESCs towards endoderm^[@CR48]^. Hence, changes in the pool of active regulators, while enabling endoderm priming, also repress satellite transcription.

In marked contrast, the regulation of major satellite transcript accumulation in primed EpiSCs is tightly controlled by both H3K9me3 and DNA methylation. In the absence of either mark, major satellites transcription is strongly enhanced, suggesting that these marks play a synergistic role in repression. Interestingly, we confirmed results from a previous study that demonstrated converted mutant cells could efficiently revert to the ESC state if they were grown in 2i+LIF medium (^[@CR40]^and data not shown), illustrating that DNA methylation stabilizes the primed state, as it does during differentiation^[@CR40]^. DNA methylation is also essential for the homeostasis of EpiSCs, since converted mutant cells cannot be extensively maintained in culture, due to extensive cell death. Interestingly, such a strict dependency on genomic methylation has also been observed in human primed ESCs, in which acute deletion of Dnmt1 leads to DNA damage and rapid cell death^[@CR49]^. Whether PCH with altered epigenetic marks and increased satellite transcription plays a role in cell death still needs to be addressed. In contrast, *Suv39h*dn-converted EpiSCs were maintained in culture for several passages with no apparent lethality. However, whether genomic stability or differentiation ability are affected remains to be elucidated^[@CR50]^.

Our study reveals new observations about the cross-talk between different repressive marks. In 2i-ESCs, increased H3K27me3 levels in chromocenters are accompanied by a reduced number of H3K9me3 clusters and a reduced expression of SUV39H1. In addition to its reduced protein level in 2i-ESCs, the poor retention at PCH of SUV39H1 can also be explained by the reduction of DNA methylation, as binding to MBD proteins contribute to the stabilization of SUV39H at PCH^[@CR51],[@CR52]^. Of note, a recent work demonstrated that the MEK inhibitor (in the 2i medium) increases the protein level of JMJD2C, a H3K9 histone demethylase^[@CR53]^, which may contribute to destabilization of SUV39H enzymes at PCH.

The primed pluripotency state presents a markedly different PCH organization. Similar to somatic cells, they show high levels of H3K9me3, 5-meC, and SUV39H1 at DAPI-dense foci, in agreement with transcriptionally inactive sequences. This repressive environment is also established during conversion from ESCs to cEpiSCs *in vitro*, making it a relevant model to study the dynamics of these epigenetic and transcriptional changes. Although ChIP-qPCR suggests that a low level of H3K27me3 remains at PCH in primed EpiSCs, the pattern is only diffuse, with no prominent accumulation at chromocenters. In addition, PCH in primed EpiSCs seems refractory to increased PRC2 activity upon removal of H3K9me3 or 5-meC, as neither *Suv39h*dn nor *Dnmt*TKO converted cells gained H3K27me3 at their chromocenters. In this regard, EpiSCs resemble somatic cells such as MEFs^[@CR29]^. We can also argue that in this somatic-like context, the presence of HP1α at PCH prevents further H3K27me3 enrichment^[@CR54]^. It has been shown that DNMTs are recruited to H3K9me3-enriched PCH foci in ESCs, probably through interaction with SUV39H/HP1^[@CR30],[@CR55]^. Therefore, DNA methylation is reduced at PCH in *Suv39h*dn serum-ESCs^[@CR30]^. Our data show that in primed EpiSCs such interaction is not necessary, since *Suv39h*dn converted cells regain DNA methylation at PCH sequences. As DNMT1 has been shown to bind to PCH in a SUV39H independent manner^[@CR56]^, it may be advantageous to maintain DNA methylation at PCH once established. Nevertheless, how this pattern of DNA methylation is established in converted EpiSCs in absence of SUV39H remains to be explored.

Finally, we observed that patterns of H3K9me3 and H3K27me3 in ESCs were particularly heterogeneous in the 2i culture condition. In addition, only one third of the cell population displayed local accumulation of satellite transcripts, as revealed by RNA-FISH. NANOG has been shown to play a role in reducing H3K9me3 deposition at PCH^[@CR57]^, which is not consistent with its homogenous expression in 2i-ESCs (Supplementary Fig. [5](#MOESM1){ref-type="media"}) and the heterogeneity of this mark's pattern. It is possible that the heterogeneity of H3K27me3/H3K9me3 patterns is a result of cell-to-cell transcriptome variability^[@CR9]^. Alternatively, it could be due to globally relaxed chromatin allowing stochastic reshuffling of the repressive marks at each cell cycle. However, the proportions of different categories remained globally stable across passages, and this pattern seems to be an intrinsic property of any given ESC line. Indeed, the three different lines used in our study display variable proportions of these categories. We note that they differ in their genotype, as the ESC line used in Fig. [1](#Fig1){ref-type="fig"} is from 129 backgrounds (R1) while the two others are from 129/B6 hybrids. It would also be interesting to assess whether such differences are linked to functional properties such as chimaera formation or chromosomal abnormalities.

In conclusion, the present study brings new insights into the organization of constitutive heterochromatin in naive and primed pluripotent cells *in vitro*. These findings have important implications in the definition of the naive state and set important landmarks to follow the efficiency of reprogramming towards this state. We believe that the *in vitro* conversion of naive to primed pluripotency will also allow us to decipher the molecular players controlling the epigenetic state of the PCH.

Materials and Methods {#Sec10}
=====================

Cell culture {#Sec11}
------------

ESC lines were cultured in 2i or serum medium as described^[@CR58],[@CR59],[@CR60]^. Briefly, 2i-ESCs were cultured on Laminin in Chemically Defined Medium (CDM)^[@CR2]^ supplemented with LIF (700 U/ml), PD0332552 (1 µM) and CHIR99201 (final 3 µM), while serum-ESCs were cultured on gelatin in DMEM supplemented with 15% serum and LIF (1000 U/ml). *In vitro* conversion of ESC into cEpiSC was performed by switching ESCs from 2i/LIF medium to CDM supplemented with FGF2 (12 ng/ml) and Activin A (20 ng/ml) as described^[@CR61]^. These converted cells were used 3--5 passages after the conversion, except for *Dnmt*TKO cells that were used after 10 days of conversion (P1). EpiSC lines (FT129.1 and 9.73) were cultured as described^[@CR2]^. EZH2 inhibition was performed by culturing ESC either in 2i or serum-containing medium supplemented with 1 µM EPZ-6438 (AxonMedchem) for 72h (changing medium daily) or with DMSO as control. Wildtype ESCs were R1, WT01 (control for *Suv39hdn*) and 159-WT (control for *Dnmt*TKO). WT01 and *Suv39hdn* ESCs were obtained from A. Peters^[@CR30]^ and 159-WT and *Dnmt*TKO were a gift from D. Schubeler^[@CR62]^. A second *Dnmt*TKO ESC was also obtained from M. Okano^[@CR39]^.

Immunostaining {#Sec12}
--------------

Cells were grown on coated glass-coverslips for 24 h, then fixed with PFA 2% (EMS) for 20 min, permeabilized with Triton X100 0.05% for 30 min and blocked with BSA 2% for 1 h. Primary antibody was incubated at 4 °C O/N. After washes, the secondary antibody was incubated for 1 h. Cells were then washed, post-fixed with PFA 2% (EMS) for 20  min, incubated with 1/500 DAPI (Invitrogen) at 37 °C for 15 min and finally mounted on slide with VectaShield (Vector Laboratories). Antibodies used are described in Supplementary Table [S1](#MOESM1){ref-type="media"}.

RNA-FISH {#Sec13}
--------

Cells grown on coated glass-coverslips for 24 h were fixed for 10 min in PFA 4%, rinsed in PBS and permeabilized in Triton X100 0.5% for 30 min. After washing with PBS and SSC 2x pH6.3, the coverslips were incubated O/N at 37 °C with the hybridation mix (50% formamide, 10% Dextran, 2x SSC) containing 1/100 tRNA and probes at 10 µM. After washing three times at 42 °C with SSC 2X pH6.3, cells were incubated in DAPI (Invitrogen) 1/500 at 37 °C 15min and mounted with VectaShield (Vector Laboratories). We used a mix of forward (MajF-5G-Alexa488) and reverse (majR-R4Y-Cy5) probed for detection, which were a generous gift from C. Escudé (MNHN).

3D-structured image acquisition and analysis {#Sec14}
--------------------------------------------

Imaging was performed at the MIMA2 platform (<http://www6.jouy.inra.fr/mima2>) with an inverted ZEISS AxioObserver Z1 microscope equipped with an ApoTome slider, a Colibri light source, Axiocam MRm camera and driven by the Axiovision software 4.8.2. Observations were carried out using a 63X oil-immersion objective. Cells were scanned entirely using a z-distance of 0.24 μm between optical sections. Fluorescent wavelengths of 405, 488, 555, and 639 nm were used to excite DAPI, FITC, Cy3, and Cy5, respectively. Images were then analysed on ImageJ (imagej.nih.gov/ij) to perform merge of channels and z-projections.

Western blot {#Sec15}
------------

Cells were lysed for 30 min on ice into RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% NaDeoxycholate, 0.1% SDS, 50mM Tris-HCl pH8.0) in presence of protease and phosphatase inhibitors (Pierce). Proteins were quantified using BCA assay (Pierce). 3 µg of proteins were charged on pre-cast polyacryalamide gel 4--15% (Biorad) for 1h run at 100V. Transfer was then performed on Trans-Blot Turbo (Biorad) for 7min on a PVDF membrane (Hybond-P, GE Healthcare). After transfer the membrane is divided into 3 parts, up (70 kD to\>250 kD), middle (30--70 kD) and down (\<30 kD) to allow simultaneous detection of antigens at different molecular weights. After blocking in TBS-Tween 20 0.01% (TBS-T) with either 4% non-fatty milk or 5% BSA, the membranes were incubated O/N at 4 °C with primary antibodies. After washes in TBS-T, the membranes were incubated with secondary antibodies for 1 h and washed again before the revelation with ECL2 Western blotting substrate (Pierce). Chemiluminescent signals were captured on a Fuji camera LAS-1000plus and then analysed with ImageJ (imagej.nih.gov/ij). For sequential protein detection, membranes were stripped with 25 mM Glycine and 1% SDS at pH 2 for 30 min, followed by washes in TBS-T and blocking (milk or BSA) according to the new primary antibody. Signals were normalized to H3 or Actin and data were presented relative to 2i-ESC (set as 1). Western-blots were repeated at least twice. Antibodies are described in Supplementary Table [S1](#MOESM1){ref-type="media"}.

DNA methylation analysis of satellite repeats using Southern blot {#Sec16}
-----------------------------------------------------------------

Southern blot on genomic DNA was performed as described in Thijssen *et al*.^[@CR63]^. For major satellite analysis 200 ng of genomic DNA were digested with HpyCH4IV (New England Biolabs) for 1h at 37 °C, while for minor satellites 500ng of gDNA were digested with HpaII (New England Biolabs) and 300 ng with MspI (New England Biolabs), both O/N at 37 °C. Digested samples were separated for 5 h on 1% agarose gel. Gels were then denaturated in a 1.5 M NaCl and 0.5 M NaOH solution for 20 min and neutralized with 0.5 M Tris-HCl pH 7.5 and 1.5 M NaCl for 40 min. Transfer was performed O/N on Hybond-N+ membranes (GE Healthcare) in SSC 20X. After ultraviolet crosslinking, membranes were pre-hybridized in SSC 6X, Denhardt 5X and 0.1% SDS for 1 h at 42 °C and hybridized with 32P-labelled probes for 2 h at 42 °C. After membrane washing, signals were detected using FLA 7000 phosphorimager (Fuji). Images were then analyzed with ImageJ (imagej.nih.gov/ij) to perform linescan for major satellites and intensity ratio HpaII/MspI for the lower six bands of each lane for minor satellites. Probe used: Major satellites 5′-CAC GTC CTA CAG TGG ACA TTT CTA AAT TTT CCA CCT TTT TCA GTT-3′ and minor satellites 5′-ACA TTC GTT GGA AAC GGG ATT TGT AGA ACA GTG TAT ATC AAT GAG TTA CAA TGA GAA ACA T-3′.

qRT-PCR {#Sec17}
-------

Total RNA was extracted from cells using TRIzol (Ambion). 3 µg of RNA were subjected to DNAse treatment using Turbo DNA-free kit (Ambion). Retrotranscription of 500 ng of DNAse treated-RNA was performed using Random primers (Invitrogen) and Superscript III (Invitrogen). For each sample, a negative control was included (no Superscript enzyme). Quantitative PCR was carried out in triplicates using SybrGreen mix (Applied Biosystem) on a StepOne Plus thermal cycler (Applied Biosystem). Data were normalized using the geometric mean of Sdha and Pbgd using Qbase software (Biogazelle). Results were presented according to Weissgerber *et al*.^[@CR64]^. The primers are described in Supplementary Table [S2](#MOESM1){ref-type="media"}.

Chromatin immunoprecipitation {#Sec18}
-----------------------------

Cells were cross-linked directly in the plates with 1% formaldehyde for 5 mn, before quenching for 5 mn in 0.125 M glycine. After PBS rinsing, cells were pelleted and snap-frozen. Chromatin preparation and immune-precipitation was done using the True MicroChIP kit (Diagenode). Briefly, 100,000 cells resuspended in lysis buffer were sonicated in a Bioruptor (Diagenode), with 3 cycles of 30 s ON, 30s OFF. Fragmented chromatin was then incubated overnight with 1 µg of H3K27me3 or H3K9me3 antibody and recovered using magnetic beads according to the manufacturer's protocol. After reverse-cross-linking for 4 hours at 65 °C, precipitated DNA as well as input were purified using MicroChIP DiaPure columns (Diagenode), diluted 100 times before being used as a template for q-PCR. Immunoprecipitation with 1 µg rabbit IgG was used as negative control and this never yields enrichment above 0.1%. Three to four independent replicates were used.
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